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SUMMARY

The measurementof total airplanedrag in flight is necesssryto
assessthe applicabilityof wind-tunnelmodel data. The NACA High-Speed
FlightStationhas investigatedand developedtechniquesfor measuring
the drag of high-speedrese=ch airplanesand currentfighter-typeair-
planes. The accelerometermethod for determiningdrag was found to be
themost satisfactorymethod for researchwork, because it is the only
methodpermittinga completecoverageof the Mach number and angle-of-
attackcapabilitiesof an airplane.

Determiningdrag by the accelerometermethod requiresthe accurate
measurementof longitudinaland normal accelerations,angle of attack,
and enginethrust. In addition,the staticpressure,airspeed,airplane
weight,and longitudinalcontrolpositionsmust be measured. The accurate
measurementof longitudinaland normal accelerationcan be made and
recordedby means of speciallyconstructedmechanicalaccelerometersthat
havebeen developedby the NACA. Fuselagenose booms are used to reduce
the flow-fielderrors in the measurementof staticpressure,airspeed,
and angle of attack. The errors can be reducedfurtherto an acceptable
levelby establishedcalibrationtechniques. Satisfactorymethods for
determiningin flightthe thrust of turbojet-afterburnerand rocket
enginesaxe available.

The flight drag data generallycan be separatedinto components
consistingof trim, skin-friction,pressure-induced,and wave drags.
The comparisonof flight and wind-tunneldata must be made on the basis
of componentdrags if a proper interpretationof the resultsis to be
obtained.

INTRODUCTION

Considerableresearchefforthas been directedin recentyears toward
improvingthe performanceof aircraftto achieveefficientsupersonic
flight. The verificationand evaluationof the latestthinkina.for the
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lThis report was presentedto the Flight Test Panel of the NATO
AdvisoryGroup for AeronauticalResearchand Developmentat the meeting
in Brussels,Belgium,August 27-31, 1956.
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most part, is a result of model testing. However,questionson the
adequacyof the model tests are raisedwhen effectsof scale and power
are considered. It is necessary,therefore,that selectedfull-scale
flightinvestigationsof the airplanedrag be made to assessthe value
of calculationsbased on model information. The value of the flight
investigationsof airplanedrag is, of course,dependenton the accuracies
with which the flightdata may be measured. Investigationsof the dr~
characteristicsof resesrch-typeaircrafthave been conductedat the
NACA High-SpeedFlight Stationsince the inceptionof the NACA-Milit~
Services-IndustryResearchAirplaneProgram. More recent~, the tech-
niques and methods developedand used for these aircrafthave been
extendedto the latesthigh-performanceserviceaircraft.

This paper describesthe
total airplanedrag including
is given to the use of flight
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statictmrperaturein inlet duct, %

total temperature,%
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ratio of specificheats of gases

error in angle of attack,deg

error in Mach number

time increment,sec

altitudenormalizingfactor, P/2116

temperaturenormalizingfactor, Tt/518.4

gas densi~, lb/cu ft

densityof air in inlet duct, lb/cu ft

5

P() atmosphericdensity,lb/cu ft

METHODS

The method used for determiningairplane
dependson the degree to which desiredflight
the accuracyand extentof instrumentationin

drag fran flight data
conditionscan be attained,
the airplane,the facilities

availablefor reducingthe data, and “thecoveragein ‘&gle-ofattack and
Mach numberdesired in the investigation. Severalmethodshave been
suggestedand used previously,as presentedin references1 to 4. The
methodsconsideredby the NACA E@h-Speed Flight Stationas applicable
to supersonicaircraft
accelerometermethods.
sections.

have been the stabilizedflight,energy,and
Thesemethods are discussedin the following

StabilizedFlightMethod

The stabilizedflightmethod is by far the simplestof the three
methodsfor determiningairplanedrag. The method consistsmerely of a
constant-altitude,fixed-throttleflight of sufficientdurationto enable
the airplaneto reach a stabilizedspeed. Under these conditionsit is
assumedthat the drag is equal to the thrust.

One disadvantageof this method is that truly stabilizedflight,
which is essentialfor accurateapplicationof the method, is seldom
achievedand, even if achieved,is difficultto ascertain. This is psr-
ticuls.rlytrue at high Mach numbersand at flight conditionswhere the
aircrsftstabilityis marginal.
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This method has the additionaldisadvantagesof not allowingCOV.
erage of the entireangle-of-attack=d ~ch nuber ranges of which the
airplaneis capable,and of requiringa large smountof flight time to
obtaina given amount of data. For a given speed the angle-of-attack
variationscan be obtainedonly by varyingthe airplaneweight and
altitude;consequent~, the obtainableangle-of-attackr-e is limited.
Some investigatorsaveragethe data from a wide range of altitudeand
Mach numberbelow the drag-riseMach number in order to constructa
singledrag polar. This procedureobscuresany effectsof Mach number
and altitude. In additionto obtainingonly a singledata point at a
given Mach number and altitude,the time requiredto reach stabilized
conditioxIs~P~ticul=~ at hi@ speed) ~eatly reducesthe amount of
data that can be obtainedduring any one flight.

It is concludedthat the stabilizedflightmethod is basically
unsatisfactoryfor flight researchbut might be suitablefor routine
checkingof productionairplanes.

EnergyMethod

The ener~ method sums up, over an incrementaltime period, the
energy changesinvolvedin enginethrust,altitudevariations,and fli@t
speed variations. It is essentiallyan extensionof the stabilized
flightmethod and allows some variationsin speed and altitude. The
methcd permits data to be obtainedin the high-speeddives needed to
approachthe maximum speed capabilitiesof an airplane.

The disadvantagesof this method sre similarto those previously
noted for the stabilizedflightmethod. In addition,use of the incre-
mental time period requiresextremelyhigh accuracyin measuringaltitude
and velocityif excessivelylong time incrementsare to be avoided. T&
use of long time incrementsmay result in averagingthe data over angle-
of-attackincrementsthat are too large for acceptableaccuracy.

AccelercuneterMethod

The accelerometermethod permits integrationof all aerodynamic,grav-
itational,momentum,and inertiaforces on an airplaneat any given
instantregardlessof airplaneattitudeor acceleration. Thus, the only
unknownmajor componentwill be the total airplanedrag. This method
is resdilyapplicableto gradualmaneuveringflight and permits a com-
plete coverageof angle-of-attackand Mach numberrange in a minimum
number of flights. Applicationof this method requiresthe use of very
sensitivelongitudinalaccelerometersand an accuratemeans of measuring
angle of attack,in sdditionto the more customaryresearchiwtruments.
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The NACA has developedand flight-testedsensitiveinstrumentsby
~d~ of which the accelerometermethod can be adequatelyappliedto the
flightdeterminationof drag. By using these instruments,the method
hasbeen employedto determinethe drag characteristicsof the research-
tme and high-performanceserviceaircraftflown at the NACA High-Speed
FlightStation. Furtherdiscussionof the flightmeasurementsrequired
tomeasureairplanedrag will thereforebe pertinentto the use of the
acceler~etermethod.

The advantageof the accelerometermethod over the energymethod
forthe determinationof drag during amaneuver is presentedgraphically
in figure1. The figure shows the drag polars obtainedby the energy
methodfor time incrementsof 1> 2) and 4 seconds>and by the accel-
erometermethod. The data are from a typicalpush-down,pull-upmaneuver
coveringa total time of 24 seconds. The derivationand descriptionof
theequationsused with the accelerometerand
in ap~endixA.

The determination
ometermethod requires
quantitiesduring each

of total airplanedrag

energymethods are presented

by means of the acceler-
the continuousmeasurementand recordingof many
flightmaneuver. Certainof thesemeasurements

suchas longitudinaland normal acceleration,angle of attack,and engine
thrustrequirethe highestdegree of instrumentaccuracyand measurement
techniquein order to avoid excessiveerror in the drag data. These
measurements=e discussedin detail in the followingsections. Other
measumnents such as staticpressurewhich is needed for the determination
of altitudeand Mach nuniber,airplaneweight, and controlpositionshave
lesseffecton the accuracyof the drag databut are discussedbecause
of the various techniquesthat can be employed. In addition,the measure-
mentof pitchingvelocityis needed to m&e-
attackmeasurements.

Acceleration

correctionsto the angle-of-

At the NACA High-SpeedFlight Stationthe precisemeasurementof the
longitudinalaccelerationof researchairplanesis obtainedwith an
NACAdevelopedaccelerometerof the type shown schematicallyin figure 2.
Theaccelerometeris magneticallydamped and operateson a mechanical-
opticalprincipleas follows: The inertialmass consistsof a pivoted
aluminumvane betweenthe poles of a permanentmagnet. Attachedto the
shaftis a mirror which reflectsa beam of lightto a moving strip of
photographicfilm. The beam of lightwill then be deflectedin proportion

.
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to the vane movementwhich is restrainedby springs. The damping,which
can be adjustedby varyingthe gap betweenthe poles, is generallyset
at about 65 percent of criticaldamping. The naturalfrequencyof the
vsxlesvarieswith the range of the instruments. It is about 10 cycles
per second for an instrumenthaving a range of ~lg, and about 18 cycles
per second for an instrumenthaving a range of tO.~g. me lower range
instrumentsare suitablefor most of the ai~lanes poweredby turbojet
engines;the higher range instrumentssre requiredfor some of the
rocket-propelledairplanes.

For measuringthe longitudinalaccelerationof an airplane,the
instrumentwill be mounted so that the pivot axis of the vane will p~allel
the normal axis of the airplane,and so the line connectingthe pivot
axis of the vane with the centerof mass of the vane, when in the neutral
position,will be parallelto the lateralaxis of the airplane. In this
positionthe longitudinal-accelerationmeasurementswill be unaffected
by normal acceleration;the only possiblecar~over effect can result
from transverseaccelerationwhich has negligibleeffect for maneuversof
the type used for drag determination. The importanceof possiblecarry-
over effectscannotbe emphasizedtoo strongly. hiboratorytests Of one
model of a strain-gage-typeaccelerometershowed-appreciablecarryover
componentsfrom both the other axes. For example,carryovereffectsto
the longitudinalaccelerationby an smount of 5 percent of the normal
accelerationhave been found. This error for drag data measured at a
normal accelerationof 5g would result in am error of 0.2g in longitudinal
acceleration. The error in longitudinalaccelerationcouldbe equal to
the value of the accelerationto be measuredfor drag.

If space limitationscause the accelerometerto be mounted a signif-
icant distancefrom the airplanecenterof gravity,correctionsmust be
appliedto eliminatethe effectsof pitchingvelocityand pitchingaccel.
eration. It should also be noted that the longitudinalaccelerometer
must be accuratelyalinedwith the airplanelongitudinalaxis to prevent
an effect of the normal acceleration.

Normal accelerationsof the airplanemust also be measured,but not
to so great an accuracyas longitudinalaccelerations. The NACA uses a
similar,but brosder-range,instrumentfor this measurement.

Angle of Attack

Measurementof angle of attackin flighthas been a source of consid-
erable researchbecause of the importanceof the measurementin determining
airplanedrag, particularlyfor high-liftconditions. For the acceler-
ometermethod the error in drag causedby angle-of-attackerror is equal
to the product of the lift and the sagle-of-attackerror.
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Varioustypes of angle-of-attacksensingdeviceshave been investi-
gatedby the NACA. It was found that the most accurateand reliable
resultscouldbe obtainedwith a pivotedvane mounted on a nose boom as
far ahead of the airplaneas practicable. A typicalexampleof a nose
boomwith ~gle-of-attack ~d =gle-of-sideslipvanes is presentedin
figure3. The vane is directlyconnectedto a Selsynmotor within the
boomwhich in turn electrical~ actuatesa receivermotor within the
airpl~e ~d moves a besm of light across a moving strip of fihn. While
thissYst~ is capableof me=uring the vane positionwithin O.1O, the
flowangle registeredbY the vane does not necess~ily representthe
true =_@e of attackof the airplsnebecause of the effectsof pitching
velocity)boom ~d fuselsgebending,and upwash. Pitchingvelocitywill
introducean air-velocity componentacrossthe flightpath, thus pro-
vidingan erroneousangle-of-attackindication. These errorsmay be
evaluatedfrom measurementsof the airplanepitchingvelocityduring the
testmsmeuvers.

Bendingof the boom from normal loadsdue to inertiaand air loads
will result in errors in the measured angle of attackbecause the deflec-
tionsof the angle-of-attackvane are normallyreferencedto the axis of
the supportboom. Boom bending resultingfrom inertialoadingcan be
correctedfrom resultsof a staticdeflectioncalibrationof the boom
loadedunder a properweight distribution. Bending of the boom resulting
from aerodynamicloadingmay be correctedon a basis of calculatedaero-
dynamicloadingof the boom (ref.>): For boom installationsused at the
NACAHigh-SpeedFlight Station,the deflectionsdue to aerodynamicloading
are negligible. For specialcases of -extremelylong booms, it has been
suggestedthat the boom loadingdue to the combinedinertiaand aero-
dynamicloadingbe determinedby photographingthe boom deflectionduring
flight. Fuselagebending correctionsmay be necessaryfor extremelylong
flexiblefuselagesand couldbe determinedin the ssme manner as for the
boom.

Upwash is one of the most troublesomeproblemsinvolvedin measuring
angleof attacksince it stems from the wing, the fuselage,and the boom.
Upwasherror causedby the boom itself can be measuredby a wind-tunnel
calibrationof the system and correctionsappliedto the flightdata.
References6 and 7 present calibrationdata on boom configurationsused
extensivelyby the NACA.

Two-dimensionalincompressible-flowtheory as presentedin reference8
canbe used to computesome of the low-speedupwash effects. The theory
indicatesthat the angle-of-attackerror resultingfrom upwashbecause of
the boom will be proportionalto the squareof the ratio of boom radius
to the distanceof the vane from the centerof the boom. A plot of the
effectis presentedin figure4. Also shown in figure4 is the variation
of angle-of-attackerror,resultingfrom upwash arou.rlda blunt circular
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fuselage,with distanceahesd of the fuselage. The data for this curve
were calculatedby using the method presentedin reference9. The effect
of upwash aroundthe wing on the angle-of-attackme~urements can be
calculatedby equationspresentedin reference8 for unswept-wingair-
planes and by methodspresentedin reference10 for swept-wingairplanes.
The effect on angle-of-attackmeasurementsof upwash due to the wing is
generallymuch less than that due to the fuselageand boom where the
boom is mounted on the fuselagenose.

Attemptshave been made to calibratethe angle-of-attackmeasuring
syst~ on an absolutebasis in flightby measuringand recordingthe
airplaneattitudeand flightpath. However,airplaneattitudeis diffi-
cult to establishand requiresa stablereferencesuch as the horizon
or the sun. Some exploratorywork on such an angle-of-attackcalibration
has been done at the Eigh-SpeedFlight Stationwith the sun as an atti-
tude reference. Results of an investigationconductedon the X-5 airplane
are shown in figure5. The data show the expectederror in angle of
attackwith increasingangle of attack and the decreasein errorwith
increasingMach number. It shouldbe pointed out that such calibrations
are tediousand time consumingand that, for the purpose of determining
drag at high subsonicor supersonicspeeds and at moderate angles of
attack,sufficientlyaccuratemeasurementsof angle of attack csm be
made

lems

withoutrecourseto such a calibration.

Thrust

The measurementof enginethrust is one of the more difficultprob-
in determiningtotal airplanedrag. With the advent of jet airplanes

and the large increasesin thrust-to-weightratios,the measurementof
thrust has become increasinglyimportant. Fortunately,the definition
and determinationof thrust is somewhatsimplerfor turbojetand rocket
airplanesthan for propellerairplanes. The commonlyaccepteddefinition
of jet and rocket enginethrust is the force causedby the change in
momentum of the fluidspassing throughthe engine systemplus smy unbal-
anced staticstresmpressuresin the case of sonic or supersonicflows.

Turbojete%ines (includingafterburners).- The thrust of a turbojet
engine is generallydeterminedby means of pressure-sensingprobes located
at strategic
accomplished
jet or gross
rem drag, is
net thrust.

points in the duct system. The thrustmeasurementis usually
in two steps. First the exit momentum,referredto as the
thrust,is determined;then the inletmomentum,termed the
determinedand subtractedfrom the jet thrust to give the

The equationsfor calculatingthe jet thrust from the variouspres-
sure and temperaturemeasurementsare derived in appendixB. The basic
thrust equationis equation(B1O) of appendixB. It will be noted that
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the jet thrust can be determinedby means of the measurcinentof only
totaland staticpressureat the tailpipeexit. Total-pressuresurveys
we generallyeasierto make and are more accuratethan static-pressure
surveys;frequentlyassumptionssxe made to eliminatethe need for static-
pressuremeasurementsin the jet exhaust. These assumptionsresult in
differentequationsfor subsonicand sonic flows, as given by equa-
tions (Bll)and (B12)of appendixB, respectively. The ratio of specific
heats of the gases y varieswith temperature,but the variationhas a
relativelyminor effect on the thrust so that constantvalues of 1.40,
1.33,and 1.25 can be assumedfor air, turbineoutlet gas, and after-
burneroutlet gas, respectively.

One problem in measuringthe tailpipetotal pressureis that of
obtaininga re=onable aver%e acrossthe tailpipearea withoutusing
an excessivenumber of probes,which create coolingproblemsin after-
burnerenginesand lossesin thrust. For some enginesa singlepitot
probe extendinginto the exhaust-gasstreamhas proved adequate. Fig-
ure 6 shows a single,air-cooled,fixedpitot probe locatedat the tail-
pipe exit on a turbojet-afterburnercombination. For other engines,
swingingprobes which periodicallytraversethe tailpipeexit proved
successful. Figure 7 shows such an installation,and reference11 gives
detailsand resultsof a similarinstallation. The traversesof the
swingingprobe generallycover a period of 4 or 5 secondsand sufficient
time is spent outsidethe hot-gas stream so that no coolingis required.
Anothertype of installationthat has been used particularlyas a cali-
brationmeans is a rake,with a large number of probes,which extends
completelyacross the tailpipe. Reference12 gives detailson such an
installation.

Because of the compromisesnecessaryin the installationof the
probes,certainerrors exist in the thrustmeasurements. These errors
canbe reducedto a large extentby calibratingthe probe installation,
which necessitatesplacing the airplaneon a thrust stand. The ratio of
the probe-measuredthrust to the true thrust is known as the nozzle coef-
ficient Cf and is generallyplotted againstthe ratio of tailpipetotal
pressureto ambientpressure. A typical exsmpleof such a plot is shown
in figure8, which is for a single-pointair-cooledprobe similarto the
probe shown in figure6. It will be noted that the calibrationcurves
are extrapolatedconsiderablybeyond the ground-calibrationdata because
exhaustpressureratioswill be encounteredin flightthat are two or
threetimes the maximum obtainableon the ground. The extrapolationis
not entirelyarbitrary,however,because altitude-chsmbertests of engines
indicatethat the curvesround off and that there is littlechmge above
pressureratios of about 2.2.

The use of a singlepitot probe in conjunctionwith a ground cali-
bration for determiningjet thrust assumesthat the generalshape of the
total-pressureprofile acrossthe tailpipewill not vary with Mach number
and altitude. Preliminarytests with a swingingtailpipeprobe at the
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High-SpeedFlight Stationhave shown no significantprofilevariations
for a currentproductionenginefor altitudesup to 40,000 feet. However,
referenceI-2shows a slightvariationand unpublisheddata on another
engine indicatea largevariationin profilewith altitude. Consequent~,
the applicabilityof the single-pitotmethod will depend on the specific
enginebeing used.

The assumptionsconcerningthe staticpressureat the tailpipeexit
sre somewhatopen to question,and there is evidencethat the static
pressure is not exactlythat assumed (ref. 12). If the staticpressure
couldbe measuredalongwith total pressureon a swingingrake, for
exsmple,then the jet thrust couldbe computedfrom equation(B1O) of
appendixB. However,the tailpipevelocitiesare generallyvery close
to sonic velocityand static-pressuremeasurementsunder such conditions
are subjectto extremeerror, as indicatedin references11, 13, and 14.

As turbojetenginesbecomemore complicated,additionalproblems
arise in the measurementof jet thrust. For exsmple,some engineshave
coolingair flows of sufficientquantitysnd velocitythat they must be
considered. Other enginesuse an ejectorwhich makes the exit srea needed
for use in the thrust equationsa variableand uncertainquantity. In
these instances,the swingingprobe is proving to be of considerable
advantage.

The rsm drag of a turbojetengixieis generallymeasuredby one of
threemethods as given in appendixB. The tailpipe-temperaturemethod
is probablythe least accuratebecause of the difficultyin measuring
the hot-gastemperature. Reference11 shows the enormouserrors caused
by lag when temperaturemeasurementsare msde with a swingingprobe.
The use of the engine compressorair-flowcurves is probablythe most
commonmethod employedtoday and has proved quite satisfactory. This
method dependson the standardizationof engines,because separatecom-
pressor flow curves are generallynot availablefor each individual
enginebut only for the various series of each type. The method requires
the measurementof total tanperatureand total pressure at the compressor
face. However,total temperaturechangesso littlewithin the duct that
a singlereadingof total temperaturesomewhereon the forwardpart of the
airplanegenerallysufficesboth for the compressorair-flowmeasurement
and for obtainingairplanevelocityfrom airplaneMach number as indicated
by equation(B1’j)of appendixB. The NACA uses a resistance-typethermom-
eter havingvery low lag and a recoveryfactor of 0.99 t 0.01. The inlet-
duct method for measuringrsm drag is probablythe most accuratemethod,
providingthere is a suitablelengthof reasonablystraightduct. Gener-
ally, total pressuresare measured over equal area stationsacrossthe
duct and are averagedby connectingt~ a singlerecorder. Measurement
of staticpressureat the duct walls has proved satisfactory@ eliminates
the hazard of flimsy stresm staticprobes ahead of the engine. The methd
also eliminatesthe need for temperaturemeasurements.
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It has been suggested,at times, that the thrust of a turbojetengine
be determinedby measuringthe forces on the enginemounts. Forces on the
inletcow~ng, inletducts, and tailpipenozzlebecome appreciableand
eliminatethis possibility. A detaileddiscussionof these effectsis
givenin reference15.

Rocket engines.-The equationsfor computingthe thrust of rocket
enginesare also presentedin appendixB. Unlike the thrustof a turbojet
engine,the thrust of a rocket engine can be determinedby measuringthe
forcesat the enginemounts. Howeverjthe method is inl%equentlyused
becausethe Press~e meth~ iS s@le and reliableand because it would
be difficultto compensatefor the Bourdon,and other adverseeffects,
of the largeProPeltit ties attachedto the engine. In using equa-
tion (B24]jthe ttist ~ -it =eas are measuredwhen the engine is
corn;then} in ofier to c~e~ate for ch%es that might occurwhen the
engineiS running,the nozzle coefficient Cf is determinedby means of
a thrustst=d run. Nozzle coefficientsdeterminedin this manner are
general~ from 2 to 4 Percent lower than the theoreticalvalues deter-
minedfrom equation(B25).

Rocket enginesdesignedfor high altitudewill overexpandthe gases
whenon the ground so that the -it pressure pe is less than atmospheric
pressure po. There is evidence(ref. 16) that when the ratio of pe~o

becomes1/3 or smaller,the exhaustg-es will separatefrom the nozzle
wallsand the

in the nozzle

area Ae becmnesuncertain.

coefficient Cf.

There-willalso be a change

StaticPressure

Measur~ents of true staticpressuresare essentialfor the evalu-
ationof dynamicpressure,Mach nuniber,and enginethrust. Test aircraft
at the NACA High-SpeedFlight Stationhave the pitot-statichead mounted
on a boom extendingahesd of the fuselage,as shawn in figure 3. This
installationpositionsthe head as far ahead of the airplaneu is prac-
ticablein order to minimizethe influenceof the airplaneflow field at
thepressure-sensingstation. The total-pressureopeningat the tip is
theA-6 type of reference17. The total-pressurereadingsare accurate
within1 percent for anglesof attackfrom -20° to 40°; therefore,no
correctionsare needed. The static-pressureorificesare locatedalong
the top and bottom of the tube about 8 inchesback of the tip in a manner
thatwill minimi.zethe effect of ~le of attack. Staticpressuresme~-
ured fran the orificesare subjectto positionerrors at subsonicspeeds.
Thepositionerrors are largelya functionof airplaneconfigurationand
thedistanceof the static-pressureorificesfrom the airplane;therefore,
eachinstallationis calibrated. Variousmethods for conductingcalib-
rations of this nature have been suggestedand used. These includethe
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rds.??-phototheodo~temethod (ref.18), the accelerometermethod (ref. 19),
the temperaturemeth~ (ref.20), the radio altimetermethd (ref. 21),
and the more commontower-passand pacer methods. The High-SpeedFlight
Stationuses a modifiedrsdar-phototheodolitemethod almost exclusively,
althoughthe twer-pass and pacermethods have been used considerablyin
the past. The tower-passmethod is consideredthe best from the stand-
point of accuracy,but had to be abandonedbecause of the hazard of making
very high-speedpasses nesr the ground.

The rsdar-phototheodolitemethod has the sdvantageof providing
static-pressurecalibrationdata during routineresearchflights. The
only additionalequipmentrequiredin the test airplaneis a radar beacon
to aid in the trackingad to providea means of synchronizingthe radar-
phototheodoliterecordswith the airplane’sinternalrecords. With this
method the radar and phototheodoliteare used to determinethe range and
elevationangle of the airplanefrom which the true gecmetricaltitude
can be determined. The vsriationof atmosphericpressurewith geametric
altitudeis determinedby means of a radiosondeballoon surveymade at
the time of the flight. The method describedin reference18 has been
modifiedfor use at the High-SpeedFlight Stationso that the balloon is
no longertrackedby the radar. It has been foundmore accurateto ccxn-
ptitethe altitudepressuresurveyfrom the simultaneousradiosondemeasure.
ments of temperatureand pressurethan to determinethe balloon altitude
by radar.

A comparisonof the airspeedcalibrationsof 17 airplanesshows that
the smountof error in Mach numberdue to positionerror in static-pressure
measurementscan be relatedto certainphysicalmeasurementson the air-
plane. Figure 9 shows the error in Mach numberdue to static-pressure
errorplotted againstthe ratio of boom lengthto the maximum effective
fuselagediameterfor subsonic,transonic,and supersonicspeeds. Fig-
ure 10 shows the variationsin Mach number errorwith Mach number for two
airplaneshaving X/D ratios of 0.60 and 0.95, respectively. Above a
Mach number of about 1.05, the correctionsdrop to zero or near zero.

AirplaneWeight

Variousmethods are used to determinethe airplaneweight at any
given instantduring a flight. The most desirablesystem is some type of
integratingflow meter insertedin the fuel line. Such flow meters can
be of a recordingtype but frequentlysre merely visualmeters in the
cockpit. With visualmeters, the pilot radiosthe resolingto the ground
at intervalsso that a plot of airplaneweight againstflighttime can be
made and correlatedwith the variousmaneuvers. Less desirable,but still
adequate,are nonintegratingrecordingfuel-ratemeters which require a
laboriousintegrationduringthe reductionof the data. Fuel-tank-level
meters are generallymarginal in their accuracy,particularlywhere the
readingsvary with airplaneattitude.
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Rocket-propelledairplaneshave high rates of fuel flow snd large
overallchangesin weight becauseof fuel consumption;consequently,
fuel flow must be determinedwith a higherpercentageof accuracy. Suit-
able flow meters are available~d have been used in at least one instant
With airplanessuch as the X-1, where the thrust is varied only in fixed
steps,the fuel consmnptionis directlyproportionalto the number of
combustionchsmbersbeing operated,and the weight can be computedfrmn
the recordsof enginerunningtime.

Control-SurfacePosition

In the performanceof flightmaneuversto obtaindrag data, it is
necessaryto vary the positionof the longitudinalcontrolsurfacesto
achievethe desiredangle-of-attackvariation. The control-surfaceposi-
tionshave an effect on the drag results,and if comparisonsof the data
are to be msiiewith other airplanesor wind-tunnelmodels they must be
msde under identicaltrim conditions. Consequently,the control-surface
positionsare measuredduring each flightmaneuver. ‘IYimeffectsme
usuallyvery large for taillessairplanes,but may become negligiblysmall
on airplaneswith small tail surfacesplaced relativelyfar back of the
wing. The measurementsof directionaland lateralcontrolpositionsare
used only for inspectionand selectionof comparableflightdata.

Instrumentsfor sensingthe positionsof the controlsurfacesare
mountedat the surfacesin order to eliminatethe effect of control-system
deformations. This is particularlynecessaryfor obtainingdata at high
indicatedairspeeds. The spanwiselocationselectedfor the sensingele-
ments is usuallysuch as to give am approximateaverage surfacedeflection.

TREATMENTOF FLIGHT DATA

The total airplanedrag at a given Mach number as determinedby
flightmeasurementsis generallypresentedin the form of drag polars,
which are plots of drag coefficientagainstlift coefficient. Each pOb.r
will representa summationof drag components. At subsonicspeeds these
componentswill be the skin-frictiondrag and pressuredrag, which
togetherare referredto as the parasitedrag; the induceddrag, which
is the drag associatedwith lift; and the trim drag, which is the drag
associatedwith control-surfacedeflections. At supersonicspeeds there
will also be wave drag. It is sometimesdesirableto separatethe flight-
determineddrag data into its components;this can be accanpl.ishedwith
certainlimitations.

The evaluationof trim drag m~ be arrivedat by two methods. One
method is to use wind-tunneldrag polars for a series of fixed positions



of the longitudinalcontrolsurfaces;the othermethod is to take flight
measurementsover a range of center-of-gravitypositions. The magnitude
and, hence, the importanceof the trim drag will depend on the speed,
staticmargin, and airplaneconfiguration.

Other drag componentscan be derivedby plottingthe polar in the
form of drag coefficientsgainstthe squareof the lift coefficient.
Figure 11 shows a typicalplot of this type for the X-5 airplane. The
linearportion of the curve is the true psrabolicvariationof the basic
drag polar, and the slope of the line is a measure of the induceddrag
providingthe data have been previouslycorrectedfor trti effects. The
extensionof the linearportion of the curve to zero Uft is a measure
of skin-frictiondrag and the actualvalue of drag at zero lift is a
measure of the parasitedrag.

COMPARISONOF FLIGHTAND WIND-KIUNNELDATA

Flight-testdata and wind-tunnel-modeldata generallywill not be
in exact agreementand any meaningfulcomparisonmust be msde on a com-
ponent basis. Theoretically,there shouldbe a decreasein skin-friction
drsg with increasingReynol.dsnumber as indicatedin figure 12 (ref.22).
The approximateReynoldsnumber regionsfor flight and wind-tunneltesting
are indicatedon this figure. Also shown are representativelevelsof
zero-liftdrag which representthe combinationof frictionand pressure
drags.

It shouldbe pointed out that additionaldifferencesbetween the
flightand wind-tunneldata can be causedby deviationof the model from
true scale,by lack of simulationof internalflows,by imperfectcom-
pensationfor model supporteffects,and by differencesin flow conditions
such as transitionpoints. If proper considerationis given to the above
items, and if the trim conditionsare identical,the flight and wind-
tunneldata shouldbe canpsrable.

CONCLUDINGIUMARIG

Experiencein the flightmeasurementof drag on high-speedresearch
airplanesand currentfighter-typeairplanesat the NACA High-SpeedFlight
Stationhas shown that the accelerometermethod is the most satisfacto~
method for determiningthe total airplanedrag in flightresesrch. The
accuratemeasurementof longitudinalaccelerationrequiredby the accel-
erometermethod can be msde by means of speciallyconstructedmechanical
accelerometers.
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The use of a pitot-statichead and angle-of-attackvane system
mountedfow~d of the fuselageproducesaccuratemeasurementsat super-
sonic speeds. Adequatetechniquesare availableto determinethe errors
at subsonicspeeds.

Satisfactorymethods for determiningin flightthe thrust of
turbojet-afterburnerand rocket engineshave been developed. Present
developmentsin the techniquesindicatethat the methods can be adapted
satisfactorilyto Sdvancedengineshavingvariable-geometryinlet and
exit ducts.

In order to assess the reliabilityof comparisonsof wind-tunnel
smd flightmeasurementsof airplanedrag, it is importantto know the
actualmodel configurationand the flow conditionsunder which the wind-
tunnelinvestigationwas conducted.

High-SpeedFlight Station,.
NationalAdvisoryCommitteefor Aeronautics,

Edwards,Calif.,July 19, 1956.
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APPENDIXA

DERIVATIONOF DRAG EQUATIONS

In an evaluationof the drag of an airplane,referenceis made to
the forces and angles shown in the followingsketch:

Horizon
4

The equations
energymethods are

used for drag reductionby the accelerometerand
derived in the followingsections.

AccelerometerMethod

them
Taking a sumnationof the forces along the airplaneaxis and equating
to zero yields

Fn -Dx-Wsin(a, +y)-WAX. O (Al)

Because the longitudinalaccelerometeris also affectedby gravity,

‘x =AL- sin(a + y) (A2)
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Combiningequations(Al) and (A2) gives

Fn
[ 1

-~-w Sin(~+~) -w AL-5in(a+Y) .()

Fn -~- WAL=O

~= Fn-WAL (A3)

Reducingequation(A3) to coefficientform yields

~ ~ Fn-WAL
=—=
qs qs (A4)

Takinga summationof the forcesperpendicularto the airplaneaxis
snd equatingthem to zero gives

WCOS(CL +y)-~+WAz.() (A5)

Becausethe normal accelerometeris also affectedby gravity,

%=n-~p~(a+~) “

Combiningequations(A5) and (A6),

(A6)

WCOS.(Cf,+y)-~+wn-w cos(~+y)=o

LN = nW (A7)

Reducingequation(A7) to coefficientform gives

~N=%_nW
qs qs (A8)

The force coefficientsof equations(A4) and (A8) can be convertedfrom
the airplaneaxis to the flight-pathaxis as follows:

CD=~cosa+CNsinu (A9)

CL = CN Cos a - c~ sin a (A1O)



20 NMA TN 3821

EnergyMethod

The total airplaneenergymay be expressedas

EA ~02=wh+—
2g

If airplsneweight is assumedto be constantover the incrementaltime
period,

(Au)

{

‘A dh

)

dVo
~vo=K= Z+g (Au)

Only the thrust and drag forces contributeto the energy change

~A
(—= Fncosa-

dt D)V. (A13)

Combiningequations(AL2) and (A13)gives

(Fn cos a -
(

D)VO = dtW!Zll+Av
)

dVo

g o=

and

(dh dVO

D=

)

E+rFn COS a - W—

\
Vo y

or, in coefficientform,

()dh dVo

Fn COS u
CD Wz+r

qs (A14)
______ ~

Because altitudesare determinedfrom pressuremeasurements,
it isdesirableto convert dh/dt as follows:

dh dpo ~ dpo ~
aT=—— —.

dt dpo = dt PO

Then,

()
dpo dVo

Fn cos a
CD wZi-=— +K-.—

qs !@ Povo g
(A15)
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APPENDIXB

DERIVATIONOF THRUSTEQUATIONS

TurbojetEngine (lhcludingAfterburner)

Jet thrust.- The compressible-flowrelationshipfor a fluid flowin
frompoint 1 to point 2 can be derivedfrom the followingthree relatio
ships:

Ener~ (Bernoulli’sequation):

‘2

J’ J

P2
dpVdV+ —=0
P

‘1 PI

Adiabaticcompression:

P—=
Py c

Continuity:[&&W,(,mW
1
vwa~~ ; f,u,A,= y*u=Pw

w= PAV (B3:

Rearrangingequation(B2),substituti~ into equation(Bl), and inte-
gratinggives

1--
1
- = C’(P) 7P

‘2

J’ J

P2 .2
VdV+ c’(p) ‘dp = O

‘1 PI

_+cu_(p~-p~)=oV22 - VIZ

2

(Bl

(B2

‘1=0
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For the adiabaticcondition, ‘1 = P2; hence PI = P2 8.nd

_=.c *(P2?-P2$)V22
2

The equationis now applicableto a singlepoint (2), and hence, is
applicableto all points:

‘=m “5)
where

If a perfect gas is assumed,

pi/y

c’=—
P

P .P
m

Then

C’=p l/y RT _ RT
P ~

PT

and

Sincemomentum= wV = PAV2,

[1
7-1

Wv =
()

PART% ~~-1
7

(’6)

(’7)

(B8)
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By use of equation(B6) to eliminate P,

23

L

If P is not equal to ambientpressure,
addedto obtain the jet thrust

Fj
(

=wV+Ap.

[1

~

Fj =Ap&~7-1
Y ()-1P

-J-1 (B9)

then a pressureterm must be

Po)

(
+Ap -

Po) (B1O)

When the tailpipepressureratio is subcritical
[:<(+,~],

the flw is subsonicand p is assumedequal to pO; the jet thrust

is thus exactlyequal to the momentw force.
Equation(B1O)then becomes

.

[1

~
2y p

‘j
()

=ApoP —
-lPO -1 (Bll)

For sonic tailpipevelocities

~$>[~flitissmetties
assumedthat

P=—
Y

y,’, -
()7

and equation(B1O)reducesto

‘J [ 1
=A(y+l)P-PO

or

k)*Fj=A ,2 -

1

(Y + l)P - p.y+l (B12)
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For nonafterburneroperation, y is generallyassumedto be 1.33 and
equation(B12)becomes

Fj = A(I.259P - Po) (B13)

For afterburneroperation Y is generallyassumedto be 1.25, and
equation(B12)becomes

The values of jet thrust
reticaland, in order to

Fj = A(l.249P- po) (B14)

as givenby equations(Bll)to (B14) are thee.
accountfor deviationfrom perfectgas condi-

tions and other assumptions,as well as to compensatefor sane of the
inadequaciesof the instrumentation,the jet thrust is multipliedby a
nozzle coefficient Cf which is determinedby experimentas a function

of pressureratio
/
P po.

Rsm drag.- The equationsused to determineram drag are:

Vows
Fr = Momentumof inlet air = —

g

V. = ~ = M~7@T0

Fr = ‘$ ~~ (B15)

Threemethods are comnonlyemployedfor determiningthe air flow
throughthe engine:

(1) Tailpipe-temperaturemethod. In this’method equations(B3),
(B6), and (B7) are combined

w=

w=

w= (B16)
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The gas flow at the tailpipeincludesboth air-andfuel, so that, for
tailpipemeasurements,

Wa = (B17)

(2) lhgine-cmnpressormethod. Most turbojetengineshave compressors
that can be assumedto be a constant-volumepump and the manufacturer’s

—
Ira~e

plots of — plotted against
g

~ are generallyapplicableto all
B

enginesof a type. The quantity ‘e is the total temperatureof the air
enteringthe compressordividedby sea-levelstandardtcznperature(518.4°R
and the quantity 5 is the totalpressureof the air enteringthe com-
pressordividedby sea-levelstandardpresswe (2116 lb/sq ft)..

(3) ~let-duct method. If the inlet duct has a straightsectionof
reasonablelength,the air flow csn be determinedfram static-and total-
pressuresurveysacrossthe duct:

Combiningequations(B6) and (B18)gives

(B18)

/

= @i#fd &
d

If equations(B15)and (B19) me combined,

Fr =

r
~ ~-o pd~~ =RTd (B20)

The total temperatureof the air can be assumedconstantup to the
compressorface

Tt =
(

Tol+&M2
)

(
-12‘Tdl+~ %)

(B19)

(B21)
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For air, Y will have a value of 1.4, and equation(B21)becomes

_ . 1 + o.2Md2To

Td (B22)
1 + 0.2J?

Combiningequations(B20) and (B22) gives

/

1 + o.mdz
Fr = pdAdmd?’

1+ O.&
(B23 )

Rocket-EngineThrust

The thrust of a rocket engine can be derivedfrom the fundamental
flow equationsin the ssmemanner as equation(B1O),and this equation
is directlyapplicableto rocket engines. However,it is impractical
to make measurementsat the nozzle exit because of the high temperatures
involved. The equationis therefore
ical relationshipsbeing used:

Fn = A@ccf +

where

Cf =

modifiedto the following,theoret-

(Ae pe - Po) (B24)

and pe can be obtainedf!romthe relationship

(B26)

The completederivationof equations(B24),(B25),and (B26)is
given in reference23. -
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Figure 1.. Comp=ison of drag coefficientsdeterminedby energy and
accelerometermethodsfor a typicalpush-down,pull-upmaneuver.
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Figure 2.- Schematicdiagramof NACA magneticallydamped accelerometer.
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Figure7.. E-2577
Swinging pitot probe for the measurementof total-pressme

profilesacrossthe exit of a turbojetengine-afterbunercombination.
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